− production by anammox in anoxic aquifers, a process that has been largely overlooked.
O NO3 vs. δ 15 N NO3 from a trajectory of 1 expected for denitrification are explained by isotopic over-printing from coincident NO 3 − production by nitrification and/or anammox. The analysis highlights two driving parameters: (i) the δ
18
O of ambient water and (ii) the relative flux of NO 3 − production under net denitrifying conditions, whether catalyzed aerobically or anaerobically. In agreement with existing analyses, dual isotopic trajectories >1, characteristic of marine denitrifying systems, arise predominantly under elevated rates of NO 2 − reoxidation relative to NO 3 − reduction (>50%) and in association with the elevated δ 18 O of seawater. This result specifically implicates aerobic nitrification as the dominant NO 3 − producing term in marine denitrifying systems, as stoichiometric constraints indicate anammox-based NO 3 − production cannot account for trajectories >1. In contrast, trajectories <1 comprise the majority of model solutions, with those representative of aquifer conditions requiring lower NO 2 − reoxidation fluxes (<15%) and the influence of the lower δ 18 O of freshwater. Accordingly, we suggest that widely observed δ 18 O NO3 vs. δ 15 N NO3 trends in freshwater systems (<1) must result from concurrent NO 3 − production by anammox in anoxic aquifers, a process that has been largely overlooked.
nitrate | nitrification | denitrification | isotopes | anammox T he advent of the Haber-Bosch process late in the 19th century initiated an unprecedented increase in anthropogenic loading of reactive nitrogen (N) to the biosphere, setting into motion cascades of environmental impacts, including eutrophication and hypoxia, ecosystem acidification, and loss of biodiversity (1) . This intensification of environmental N release from agricultural and industrial activities, power generation, municipal and septic wastewater, and domestic fertilizer has tremendously altered the global N cycle, effectively doubling annual global N turnover (1) . In groundwater, the most common nitrogenous contaminant is nitrate (NO 3 − ), with recognized and long-term effects on both human and ecological health. Thus, control and elimination of NO 3 − contamination are priorities of environmental and health agencies worldwide. Despite its significance to global health and ecosystem function, identifying sources of NO 3 − , tracing its dispersal and attenuation, and gauging its ecological impact remain challenging.
Mitigation of NO 3 − pollution has necessitated identification of its sources and hydrologic flow paths to monitor the fate and natural attenuation processes occurring in pollutant plumes. To this end, the natural abundance stable isotope ratios of nitrogen ( 15 O] VSMOW − 1) × 1,000, in units of per mille (‰). Given two isotopic tracers for a single compound, this approach can be powerful, as each isotope system provides complementary information on sources and biogeochemical transformations (2) . Accurate interpretation of isotope distributions, however, strongly hinges on knowledge of the isotope composition of source terms and on a rigorous understanding of isotopic discrimination associated with biological transformations of N pools. The isotopic discrimination associated with specific N transformations is quantified by the isotope effect, e, where e (‰) = [( light k/ heavy k) − 1] × 1,000, and k refers to the respective specific reaction rate constants of light and heavy isotopologues (3) . Although many of the important source terms and isotope effects of the N cycle are constrained, some remain equivocal. In particular, recent observations emerging from bacterial and archaeal cultures and from incubations of environmental samples have uncovered isotopic discrimination trends for NO 3 − isotopes that appear at odds with trends typically ascribed to analogous biological transformations in soils and aquifers (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . This development has led to conflicting environmental interpretations, reflecting a lack of consensus on fundamental isotope systematics of the processes driving the N cycle. Importantly, the discrepancies Significance Stable isotopes of nitrate have long provided a tool for tracking environmental sources and biological transformations. However, divergent interpretations of fundamental nitrate isotope systematics exist among disciplinary divisions. In an effort to transcend disciplinary boundaries of terrestrial and marine biogeochemistry, we use a quantitative model for coupled nitrogen and oxygen isotopes of nitrate founded on benchmarks established from microbial cultures, to reconcile decades of nitrate isotopic measurements in freshwater and seawater and move toward a unified understanding of cycling processes and isotope systematics. Our findings indicate that denitrification operates within the pervasive context of nitrite reoxidation mechanisms, specifically highlighting the relative importance of nitrification in marine denitrifying systems and anammox in groundwater aquifers.
between isotopic trends in environmental systems and those from culture-based observations raise the possibility that biogeochemical N dynamics inferred from environmental NO 3 − isotopic measurements reflect more complexity than previously realized.
Conventional interpretation schemes for NO 3 − isotopes differ from culture observations with regard to the isotope systematic of denitrification, the stepwise reduction of NO 3 − to NO 2 − (nitrite), nitric oxide, nitrous oxide, and finally N 2 by heterotrophic bacteria, which is the dominant loss term of reactive N from the biosphere. Early studies of NO 3 − isotope dynamics in groundwater documented parallel enrichment of δ 15 N and δ
O of NO 3 − in association with NO 3 − attenuation from denitrification, approximating a linear trajectory with a slope 0.5-0.8 (15) (16) (17) . Indeed, this salient trend has long been considered a unique diagnostic signal of denitrification (2) . However, following the advent of the denitrifier method (18, 19) , measurements in cultures of both freshwater and marine denitrifying bacteria revealed dual isotope enrichments associated with assimilatory and dissimilatory NO 3 − consumption systematically following linear trajectories of ∼1 (9, 10, 12, 19, 20) , contrasting with the lower values widely observed in freshwater systems. This invariant coupling of N and O isotopic enrichments has been shown to originate from fractionation during enzymatic bond-breakage (8, 21, 22) , confirmed directly from in vitro enzyme studies of eukaryotic assimilatory and prokaryotic dissimilatory NO 3 − reductases (11, 23) . Interpretation schemes conventionally ascribed to nitrification are also at odds with isotope systematics uncovered in culture observations. Nitrification refers to the sequential oxidation of ammonia (NH 3 ) to NO 2 − then NO 3 − by chemoautotrophic bacteria and archaea, coupled to aerobic respiration. Oxidation of NO 2 − to NO 3 − also occurs during the anaerobic oxidation of NH 3 to N 2 by anammox bacteria (24) . Nitrification constitutes the sole biological production term for NO 3
O values reportedly produced by nitrification in freshwater lakes and aquifers span a contended range of 30‰, from −15‰ to 15‰ (2, 25) , attributed to the origin of the oxygen atoms appended to NH 3 during the two-step process of nitrification: the biological oxidation of NH 3 to NO 2 − incorporates one oxygen atom from molecular O 2 and one from water (7, 26, 27) ; the subsequent oxidation of NO 2 − to NO 3 − incorporates an O atom derived from water (28) . Recent work, however, has revealed kinetic isotope effects associated with enzymatic incorporation of each of the three O atoms into the product NO 3 − (5, 6), as well an inverse kinetic isotope effect on the reactant NO 2 − during oxidation to NO 3 − (4) and the isotopic equilibration of O atoms between NO 2 − and water (29, 30) . These isotope effects have traditionally not been considered in interpreting NO 3 − isotope distributions, yet play a fundamental role in defining the isotopic composition of nitrified NO 3 − in tandem with compositional differences of the O atom sources (7, 13, 31) . Thus, moving beyond early studies in which the δ 18 O NO3 from nitrification was interpreted as a threepart mixture of O atom sources, it is clear that consideration of several isotope fractionation processes is required for accurate interpretation of sources and cycling mechanisms.
To date, observations in marine systems have revealed linear trajectories of ∼1 and trajectories distinctly above the nominal value of 1 associated with water-column denitrification (32) (33) (34) (35) (36) (37) . Positive deviations from 1 are generally interpreted as reflecting the isotopic imprints of biological NO 2 − reoxidation superimposed on the trajectory of biological NO 3 − consumption (34, 38) . In freshwater studies, however, this discrepancy between cultures and environment has been scantly acknowledged. Notably, some workers have put forth a number of postulates to explain this conundrum, detailed in S1. Postulates to Explain Deviations from 1 in Δδ
O:Δδ 15 N Trajectories in Freshwater. Among these, the biological production of NO 3 − by nitrifiers occurring in tandem with denitrification has been proposed to account for the apparent differences in δ
O vs. δ
15
N trajectories between cultures and freshwater environments (39, 40) , although this tenet has not been examined specifically. The potential for analogous biogeochemical dynamics to affect isotope distributions in freshwater and marine systems clearly merits exploring.
To arrive at a shared understanding of environmental NO 3 − isotope systematics, we present the results of a multiprocess numerical model of dual NO 3 − isotope dynamics parameterized on the basis of fundamental features revealed from culture studies. From this improved understanding of isotopic fractionation during redox cycling of N, we explore implications for NO 3 − productionby NO 2 − oxidizing bacteria and by anammox-occurring concurrently with denitrification, specifically focusing on resulting NO 3 − N and O isotope trajectories. We use this framework to evaluate the potential extent of processes other than unidirectional NO 3 − consumption by denitrification, which may harbor the key for resolving the discrepancy between decades of groundwater NO 3 − observations and our physiological understanding of the isotope systematics of microbial N cycling. The scenarios explored herein call attention to the potential influence of N cycling dynamics that have been largely overlooked in aquatic environments and provide a unified framework for future investigations of N isotope biogeochemistry. (4, 5) , and a normal isotope effect for O atom incorporation from water, 18 e nxr,H2O (5) . AMO also has normal isotope effects for N, 15 e amo (3, 41) (29, 30) . We further consider the potential role of anaerobic NH 3 oxidation (anammox), which stoichiometrically produces ∼0.26 moles of NO 3 − per mole of NH 3 oxidized (or per 1.3 moles of NO 2 − reduced) as a metabolic product from the NO 2 − pool (24, 42) . The model functions as described, except that anammox operates (Fig. 1 , blue line) in lieu of aerobic nitrification (Fig. 1, red (43) . Given no constraint from culture work the corresponding O isotope effect, 18 e nxrNO2AMX , it is assumed to be of similar magnitude to that for NO 2 − oxidizers (Table 1) . Model parameter ranges are listed in Table 1 and justified in Section 6. For brevity, we also established "standard" model conditions having generally midrange values for isotope effects (Table 1) .
A Multiprocess

Model Results
We discuss the contribution of distinct aspects of the reaction network, highlighting those features exerting the most influence on the isotope composition of the evolving NO 3 − pool, namely, the isotope composition of ambient water and the NO 2 − oxidation flux. We further explore features that exert moderate influence on coupled NO 3 − N and O isotope trajectories, including isotope effect values, the isotope composition of initial pools, and NO 2 − production via biological ammonia oxidation. We then consider scenarios specific to NO 3 − production by anammox and finally examine the isotope composition of NO 2 − that emerges among model scenarios. Model results are compared with environmental observations in Section 4. 2 − oxidation (NXR/NAR from 0 to 0.9) and contrasting scenarios of NO 2 − equilibration with water. For simplicity, we predominantly consider the case of full equilibration of NO 2 − oxygen isotopes with water, which likely characterizes most freshwater systems, where equilibration is probably rapid relative to biological cycling given the generally low pH (13, 14, 29, 30, 44 (Fig. 2) e nar , the majority of these solutions are not viable, resulting in observed (or apparent) isotope effects for (Fig. 3D and Fig. S5 ). In this light, Δδ N trajectories from a value of 1, we consider two scenarios, the first in which anammox rates are bounded by the organic matter remineralization stoichiometry of denitrification, and the second in which anammox rates contribute an equal proportion of the N 2 flux relative to denitrification (45) . In the first scenario, anammox rates are controlled by NH 4 + supplied only from the decomposition of organic material coupled with NO 3 − respiration, wherein the release of 1 mol of NH 4 + from organic matter requires respiration of 5.9 mol of NO 3 − to N 2 (46) . Each mole of NH 4 + then reacts with 1 mol NO 2 − (produced transiently by denitrification) to form N 2 (24, 42) . Concurrently, an additional 0.3 mol NO 2 − is returned to the NO 3 − pool (42) . Of the total N 2 produced, 30% originates from anammox and the rest from canonical denitrification. The oxidation of NO 2 − by anammox therein corresponds to a relatively small NXR/NAR flux ratio of 0.05.
The Δδ (Fig. 3E) . In this respect, trajectories as low as 0.6, characteristic of freshwater system, are only attained with prescriptions of relatively low 15 e nar of ≤5‰. Thus, within this scenario, anammox can only explain excursions in freshwater Δδ (Fig. 3F) (Fig. 4) . In the context of observed Δδ (Fig. 4 and Fig. S3 − from AMO. The interpretations of recent observations in marine denitrifying waters generally corroborate the predictions from the model presented here. For illustration, we adapted the model architecture outlined above to use an inverse approach to numerically optimize NO 3 − isotope measurements along a subsurface isopycnal at the Costa Rica Dome (35) (Fig. 5) (Fig. 5) .
Interestingly, the curvature in Δδ 18 O:Δδ 15 N trajectories apparent in our model results (Fig. 2) is substantiated by analogous curvature in dual NO 3 − isotope trajectories documented in denitrifying ocean waters (34) (35) (36) (37) (Fig. 5) (34) (35) (36) (37) .
Despite general agreements between model and observations, some aspects remain puzzling. For one, the δ 15 N NO2 in denitrifying marine waters can be substantially lower than predicted by the current exercise, with Δδ 15 N NO2-NO3 values ranging between −30‰ and −60‰ in situ (34, 35) , compared with −20% and −30‰ in our model (Fig. 4) . Indeed, the best-fit parameters to the Costa Rica Dome data predict corresponding Δδ 15 N NO3-NO2 values on the order of −20% to −22‰ (Fig. 5) 15 e dnf that far exceed the empirical limit of 30‰ (Fig. 4) . Otherwise, 15 e nxr may be effectively subsumed into an equilibrium isotope effect of −61‰, the purported enzyme-catalyzed equilibrium isotope effect between NO 2 − and NO 3 − (43), such that the net production of NO 3 − by the NO 2 − oxidoreductase enzyme can generate Δ
15
N NO2-NO3 values of ∼−60‰, albeit at elevated NXR/NAR flux ratios. This scenario, however, still results in apparent 15 e dnf values that far exceed 30‰, thus inconsistent with observations. Arguably, isotopically catalyzed enzymatic isotope equilibration by NO 2 − oxidoreductase need not be associated with a net oxidative flux. Such a scenario is analogous to simulations here where NXR is nearly equal to NAR (with NAR representing NO 3 − reduction by NO 2 − oxidoreductase in lieu of NO 3 − reductase). The equilibrium isotope effect of −61‰ is then implicitly the sum of the oxidative and reductive isotope effects with respect to NO 2 − , −31‰ for NO 2 − oxidation vs. −30‰ for NO 2 − production from NO 3 − , wherein the resulting Δ 15 N NO2-NO3 of the NO 2 − pool is ∼−60‰. Again, apparent values of 15 e dnf emerging from such simulations are unrealistic (on the order of 60‰). Thus, within the current model framework, the putative enzyme-catalyzed equilibrium isotope effect between NO 2 − and NO 3 − does not appear to readily explain the very low Δδ 15 N NO2-NO3 observed in marine denitrifying systems. The discrepancy between our modeled Δδ 15 N NO2-NO3 and observations may otherwise derive in part from the constant N transformation rates in our simulations, as more negative δ 15 N NO2 values could be generated within representative model conditions given time/space-variable rates of NO 2 − accumulation and depletion and/or isotope effects. Nevertheless, inverse fits allowing for time-variable rates of N transformations still implicate 15 e nxr values on the order of −30‰ (34, 35) , distinctly lower than values observed in nitrifier cultures of -15‰ (5, 7) . Additionally, the inverse-model fits are contingent on the diminished expression of 15 e nir (5, 7), a diagnosis that is also echoed in our model (Fig. S3) . Such low 15 e nir amplitudes appear contradictory to expectations from cultures and enzymatic studies (19, 43, 58, 59) and are also inconsistent with some recent field observations (36) , where an increase in δ 15 N NO2 along isopycnal surfaces in a denitrifying eddy at the Peru margin (in which no NO 3 − remained) was associated with an apparent 15 e nir of 12‰. The very low δ 15 N NO2 observed in marine denitrifying zones thus remains perplexing and merits further inquiry. N trajectories between 0.5 and 0.8 recurrently observed in freshwater systems can be explained by superimposing the isotopic systematics of denitrification with those of oxidative NO 3 − production. This dynamic could arise on the premise that redox conditions in aquifers may be dynamic, owing to intercalated microzonation within sediments (60) and/or periodic downward percolation of oxygenated waters. However, nitrifying organisms and their biogeochemical activity are rarely detected at the heart of denitrifying aquifers (61, 62) . Thus, in the absence of any O 2 -requiring transformations, it is likely that any return of NO 2 − to the NO 3 − pool in anaerobic aquifers is associated with anammox, the anaerobic oxidation of NH 3 coupled to reduction of NO 2 − , which yields NO 3 − (as well as N 2 ) as a metabolic product (24, 42) . Indeed, recent studies suggest that a substantial fraction of N 2 production in aquifers originates from anammox (63) (64) (65) , rivaling N 2 production by canonical denitrification in some instances (45) .
We turn to a well-studied site of groundwater contamination on Cape Cod, MA (47) Inversion) . We also make a simplifying assumption that AMO is negligible in the anoxic portion of the aquifer. Given the pH and δ
18
O of groundwater at this site (∼6.5 and −6.5‰, respectively) (47), we also assume that any NO 2 − will be fully equilibrated with water. As expected, deviation of the dual isotopic composition from a Δδ − production relative to its removal is on the order of 13 ± 0.3% (i.e., NXR/NAR = 0.13), much lower than that predicted by recent dual isotope models of ocean denitrifying zones in which the diagnosed NXR/NAR can be as high as 0.9 (34). Although not measured in the original aquifer study, these best-fit parameters also allow us to predict the δ Notably, the estimated value for 15 e nxr of ∼−31‰ for the aquifer is higher than that observed in cultures of NO 2 − oxidizing bacteria (7), yet largely consistent with that for anammox (43) , potentially implicating anammox as an important N removal process in this aquifer. The diagnosis of NXR/NAR ratio of 0.13 corresponds to ∼65% of total N 2 production in the aquifer fueled by anammox, a value also consistent with recent independent estimates made in the same aquifer (45) . Indeed, given the stoichiometric constraints of NO 3 − production by anammox, we suggest these model results may prove diagnostic of the role of anammox in ground waters globally. − isotope trends between denitrifying groundwater and marine systems also appear to reflect fundamental differences in key N transformation pathways operative in these systems.
Summary and Conclusions
Within this model framework, the δ 15 N of NO 2 − provides an additional diagnostic to estimate the relative contribution of nitrification (and/or anammox) to the NO 3 − pool. In particular, very deplete δ 15 N NO2 values relative to the NO 3 − pool may be characteristic of elevated NXR/NAR flux ratios: a dynamic that appears corroborated by analogously low δ 15 N NO2 values in marine denitrifying zones, albeit lower than those predicted by our model simulations.
Some uncertainties also remain that require resolution to ensure accuracy of interpretations. For one, O isotope effects associated with NO 3 − production by anammox remain undocumented; whereas dynamics may be similar to those for NO 2 − oxidizing bacteria, this should be confirmed. Second, the nature and environmental extent of the purported "enzyme-catalyzed equilibrium N isotope effect" between NO 3 − and NO 2 − during anammox should also be further explored. Diagnostic estimates of NXR/ NAR flux ratios are sensitive to the broad potential range of N isotope effects during NO 2 − oxidation to NO 3
−
. Third, the apparent discrepancy between model and measured δ 15 N NO2 in marine systems merits examination to assess the involvement of NO 2 − in potential abiotic/inorganic reactions. Finally, the premise that NO 2 − oxygen isotopes in marine and freshwater denitrifying systems are fully equilibrated with water should be further interrogated, as even partial O isotope disequilibrium could influence diagnostics of N fluxes and associated isotope effects (S3. Simulation Without Isotope Equilibration of NO 2 − with Water). Continued inquiry into isotope systematics of N cycling will lead to an increasingly robust framework from which to examine N cycle dynamics across ecosystems.
Materials and Methods
Given the number of variables involved in calculating the model solutions, we made a number of decisions for model parameterizations to maintain clarity. First, we chose a range of isotope effects based on published studies using pure cultures of representative organisms and/or purified enzymes when possible ( Table 1) . As studies of organism-level isotope effects have demonstrated broad variability, whether by bacterial strain or growth conditions, for brevity and simplicity, we also established "standard" model conditions having generally midrange values for isotope effects (Table 1) (9, 23, 70) . However, evidence for this nonrespiratory pathway as a major environmental sink for NO 3 − is lacking and largely inconsistent with the enzymatic basis of heterotrophic respiratory NO 3 − consumption, which specifically implicates the Nar NO 3 − reductase. Plasticity in Δδ N trajectories for Narmediated denitrification could also explain the apparent discrepancy between cultures and the environment and was reported among denitrifying cultures in one study (71 N trajectories. The timescale of this abiotic exchange process (>10 9 y), however, precludes its overall relevance for modern biosphere processes (72) . Nevertheless, the potential ingrowth of water oxygen atoms into NO 3 − could result from reverse activity of the Nar enzyme. Such enzymatic reversibility has been demonstrated to influence the evolving δ
18
O of sulfate during sulfate reduction (73) . Although a similar dynamic has been suggested for NO 3 − (73), there is no evidence for enzymatic reversibility of Nar in the literature. Importantly, denitrifier cultures amended with incremental concentrations of 18 O-enriched water showed no differences in Δδ 18 O:Δδ 15 N trajectories among treatments, indicating that Nar activity is not reversed in vivo (12) . In addition, the biological production of NO 3 − occurring in tandem with denitrification has been postulated to account for the apparent differences in e nxr , and NXR/NAR. As the model system of equations is underdetermined, we use a genetic solving algorithm method in Solver (mutation rate = 0.75, convergence = 0.0000001, population size = 100; Frontline Systems; Microsoft Excel) and a least-squares criterion to iteratively find the best fit to the published values for NO 3 − concentrations (estimating the fraction of consumption or f NO3 ) along with δ 
